Modeling the vocal fold structure as a reduced-order system is an attractive approach for exploring the dynamics of both normal and pathological phonation. This approach has been used ubiquitously in scientific speech investigations due to its relatively high order of accuracy and low computational cost. In addition, good agreement can also be found between model and clinical data. In the case of pathological speech complex vocal fold dynamics may exist, exhibiting phenomenon such as bifurcation, and chaos. The ability to capture these features in reducedorder vocal fold models is a much celebrated feature. However, the question has arisen whether these nonlinearities arise due to the physics, or if they are merely an artifact of the model and its sensitivity to initial and boundary conditions. We explore the sensitivity of commonlyemployed reduced-order vocal fold models to both contact mechanics, and the geometric prescription of the vocal fold model. Nonlinearities arising from asymmetric vocal fold tensioning are investigated. Nonlinearity in the vocal fold dynamics is identified by determining the predictive capability of linear and nonlinear Volterra-Weiner-Korenberg series. Nonlinearities in the vocal fold oscillations are shown to be highly-dependent upon model formulation and implementation, as opposed to physical features of speech. Ο∝
INTRODUCTION
Reduced-order vocal fold models have been used ubiquitously in scientific speech investigations, proving to be useful tools for modeling the fluid-structure energy exchange process (Titze et al., 2002; Pelorson et al., 1994) , phonation onset and offset (Lucero 1999) , register transitions (Tokuda2010), and various pathological conditions , Zhang 2004 , Mehta 2011 . Particular interest has focused on the nonlinear nature of these systems Jiang et al., 2001; Jiang and Zhang, 2002; Tao and Jiang, 2008; with the intent that the nonlinear dynamics may have clinical relevance with respect to the disordered vocal fold vibration patterns that are observed in patients with unilateral paralysis (Sercarz et al., 1992) . The seminal work of Steinecke and Herzel (1995) modeled recurrent laryngeal nerve paralysis using an asymmetry parameter, Q, to specify tension asymmetries between the left and right vocal fold parameters. Their work identified the emergence of nonlinear dynamics when sufficiently high left/right asymmetries were introduced, suggesting that these nonlinearities were a physiologically representative behavior of vocal fold paralysis. Recent work (Sommer et al., 2013) , however, has suggested that these nonlinear effects often arise due to model simplifications and limitations, as opposed to physically relevant effects. The objective of this manuscript is to compare the nonlinear behavior of five separate reduced order models to identify how slight changes in the problem formulation and modeling approach can alter the nonlinear behavior predicted by the system.
METHODS: REDUCED-ORDER MODELING
Five reduced-order models are investigated, starting with the seminal model of Steinecke and Herzel (1995) , heretofore referred to as SH95. This model is used as the basis for all of the subsequent models, with all geometry, model parameters, and contact and aerodynamic forces the same, unless otherwise specified.
The original implementation of the Steinecke and Herzel (1995) model employed contact springs that resulted in unequal contact forces on the left and right sides during closure. The correction, introduced by Sommer et al. (2012) , is implemented into the second model, denoted as SH95C. This model will serve as the benchmark for the subsequent investigations.
A phenomenon inherent to block-type representation of the vocal fold models is that the minimal area can occur at the interface between the inferior and superior masses due to cross mass closure (i.e. opposing sides of the inferior and superior masses define the minimal area). As recently discussed by Sommer et al. (2013) this cross mass orientation can introduce a spike in the aerodynamic loading during highly-asymmetric vocal fold motion. To examine this influence in greater detail, the third model (SH95AC) implements an ad hoc fix that removes the force spike by stipulating that the force loading is zero whenever the area between the superior masses is greater than the area between the inferior masses.
The fourth model prescribes the vocal folds using a trapezoid geometry such that the inferior and superior edges of the vocal folds are approximated as point masses, with a mass less plate connecting both points. The point masses have the same value as the masses of the blocks used in the previous models. This smooth medial surface enables a more aerodynamically realistic description of the flow since the pressure loading is continuously varying through the flow channel, as opposed to having uniform values across the masses for fixed blocks (Zaccrelli et al., 2006) . The pressure distribution is integrated across the entire medial surface in the streamwise direction, with the corresponding loading values being applied to either the inferior or superior portion of the mass, as opposed to only integrating across the inferior mass, as the SH95 implementation employs. Note, this geometric prescription also prevents the development of cross-mass overlap interrupting the pressure loadings. Contact forces are also updated to enable varying contact areas based on the overlapping region of the trapezoidal geometry. This model will be referred to as TRAP.
In all of the aforementioned models the fluid loading is prescribed using a Bernoulli relation, where it is assumed that when the glottal channel forms a divergent configuration, the flow fully separates at the glottal inlet, and consequently, there is no pressure loading on the vocal fold masses. The final model, labeled TRAP-BLEAP, implements the boundary-layer estimation of the asymmetric pressures (BLEAP) formulation for prescribing asymmetric fluid loading that arises due to flow attachment to one vocal fold during the divergent portions of the glottal cycle . While previous models may have asymmetric tissue properties, the fluid loading is always symmetric The TRAP-BLEAP model is included to investigate any coupling effects that may arise between asymmetric tissue properties and asymmetric fluid loading. FIGURE 1. Regime maps of the oscillation ratio, ), for the five different reduced-order models as a function of subglottal pressure, p s , and asymmetry parameter, Q. Data are reported for the five separate models 1) SH95, 2) SH95C, 3) SH95AH, 4) TRAP, and 5) TRAP-BLEAP.
RESULTS AND CONCLUSIONS
Global comparisons between the various models can be made using the regime map concept introduced by Steninecke and Herzel (1995) . Regime maps of the oscillation ratio, ), for the five different models are shown below in Figure 1 A value of 0 indicates there is no repeating pattern (NRP) found in the oscillations. This arises for one of two reasons; either long transients in the signal such that no stable solution is reached, or the model never achieves selfsustained oscillations. Figure 1a shows the standard SH95 regime map, but over an expanded parameter space compared to what was originally reported . By correcting the contact forces (Figure 1b ) minimal changes in the oscillation regime are reported, as expected based on the observations of Sommer et al., 2012 . Given the somewhat coarse resolution due to the expanded parameter space it is difficult to discern, however, correction of the contact dynamics causes a very slight shift to larger values of Q in the boundaries of the oscillation regimes. Introducing the ad hoc correction to prevent cross-mass closure (Figure 1c) shifts the line of stable oscillations towards higher values of Q, and eliminates the band of higher-order oscillations observed between 0.5 < Q < 0.6 and p s > 1.3 kPa. The end result is that the oscillation regime is simplified to a bifurcation line at Q = 0.55 that delineates the 1:1 and 1:2 oscillation regimes. While much of the more complicated, higher-order vibration dynamics are removed the aforementioned bifurcation line is clinically important as this approximates the differentiation between normal and pathological voice.
By introducing a trapezoidal description of the model for both fluid loading and contact forces (Figure 1d) , as opposed to the block formulation shown in Figure 1a -c, the bifurcation line shifts to a value of ~ Q = 0.6 and small regions of instability arise, colored blue, which indicate no stable oscillatory pattern is achieved. The most dramatic change is introduced when the asymmetric flow solver is coupled with the asymmetric tissue properties, as shown in the TRAP-BLEAP model (Figure 1e ). While the regions of instability, present in the TRAP model, become more pervasive, most significantly, a large expanse characterized by the NRP region develops, spanning the range of 0.5 < Q < 0.8 and p s < 1.0 kPa. This region (NRP) primarily identifies regions where the solution never achieves selfsustained oscillations although it may also indicate long transients in the solution. While these regimes maps are representative of what occurs for the combination of initial conditions and modeled tissue properties, the governing equations are highly nonlinear, and as such, can be highly sensitive to any changes in these conditions. Interestingly, despite the significant variations in model geometry, aerodynamic loading, and contact mechanics, the gross regime map remains relatively unchanged, that is the bifurcation between 1:1 and 1:2 is relatively stable. Nevertheless, slight changes in model formulation can cause very significant differences in the vibration patterns on a localized level (i.e. for a given subglottal pressure and asymmetry factor). Determination of which model is "best" is difficult in that each is developed for a different purpose, and as such, quality can only be accessed through clinical validation for the corresponding application. However, it is emphasized that much of the celebrated nonlinear features of asymmetrically tensioned vocal fold models can be severely influenced by small changes in the model formulation. Consequently, correlation of model dynamics with physiological behavior should be closely scrutinized when attempting to use reduced-order vocal fold models as a diagnostic tool.
While these gross regime maps are useful from a qualitative perspective, they can obscure important features that may impact physiological voice quality, such as high phase asymmetries between opposing vocal folds. As such stable 1:1 or 1:2 oscillation regimes do not explicitly imply "good" vocal quality. Future work will utilize nonlinear investigate tools to demarcate the regions of stable ordered oscillations, and nonlinear behavior.
